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FIG. 17 
Providing first and second absorbers 


comprising both p-type and n-type 
structures. 


interconnecting the absorbers via a 
unipolar electron barrier. 
Connecting the ends of the 


absorbers distal from the barrier to 
suitable contact layers. 


Inserting graded gap transition 
blocks to match the valence band 
edges of the unipolar electron barrir 
and absorbers. 


Inserting graded gap transition 
blocks to match the band edges of 
the absorbers and contact layers. 

(Optional) 


inserting unipolar hole barriers 

between any absorbers and adjacent 
contact layers. 

(Optional) 
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UNIPOLAR BARRIER DUAL-BAND 
INFRARED DETECTORS 


STATEMENT OF RELATED APPLICATIONS 


The current application claims priority to U.S. Provisional 
Application No. 62/132,936, filed Mar. 13, 2015, the dis- 
closure of which is incorporated herein by reference. 


STATEMENT OF FEDERAL FUNDING 


The invention described herein was made in the perfor- 
mance of work under a NASA contract NNN12AA01C, and 
is subject to the provisions of Public Law 96-517 (35 USC 
202) in which the Contractor has elected to retain title. 


FIELD OF THE INVENTION 


The current invention is directed to unipolar barrier 
dual-band infrared detectors and methods of their manufac- 
ture. 


BACKGROUND OF THE INVENTION 


HgCdTe-based bias-switchable dual-band (two-color) 
infrared detectors have been reported in the literature since 
the early 1990s. The typical device structure consists of two 
back-to-back infrared photodiodes, each designed to detect 
a particular color band. The two diodes are monolithically 
integrated, typically in an n-P-N(capital letters denote mate- 
rial layers with wider band gap) three-layer design or an 
n-p-P-N four-layer design. (See, e.g., J. M. Arias, et al., J. 
Appl. Phys. 70, 4620-4622 (1991); E. R. Blazejewski, et al., 
J. Vac. Sci. Technol. B10, 1626-1632 (1992); and M. B. 
Reine, et al., J. Electron. Mater. 24, 669-679 (1995), the 
disclosures of each of which are incorporated herein by 
reference. The topic has been well documented in books and 
review articles. (See, e.g., A. Rogalski, Infrared Physics & 
Technology 41, 231-238 (2000), the disclosure of which is 
incorporated herein by reference.) 

Recently, type-II superlattices (e.g., InAs/GaSb or InAs/ 
GalnSb) have emerged as viable alternatives to HgCdTe for 
infrared detection. The performance of type-II superlattice 
based infrared detectors can be enhanced by using hetero- 
structure designs such as the nBn, pBp, double heterostruc- 
ture (DH), or complementary barrier infrared detector 
(CBIRD). (See, e.g., A. M. White, U.S. Pat. No. 4,679,063; 
S. Maimon and G. W. Wicks, Appl. Phys. Lett. 89(15) 
151109 (2006); S. Maimon, US. Pat. No. 7,687,871 B2; J. 
L. Johnson, et al., Appl. Phys. Lett. 80(2) 1116-1127 (1996); 
B.-M. Nguyen, et al., Appl. Phys. Lett. 93(12) 123502 
(2008); and D. Z.-Y. Ting, et al., Appl. Phys. Lett. 95, 
023508 (2009), the disclosures of each of which are incor- 
porated herein by reference.) These device structures make 
use of unipolar barriers, which can block one carrier type 
(electron or hole) but allow the un-impeded flow of the 
other. Type-II superlattices have also been used in bias- 
switchable dual-band infrared detectors. A simple method 
involves the two-color nBn design, where an electron- 
blocking (but not hole-blocking) unipolar barrier is inserted 
between two n-doped infrared absorbers with different 
energy band gaps. Dual-band nBn detectors implemented 
using type-II InAs/Ga(In)Sb superlattices have been 
reported in the literature. (See, A. Khoshakhlagh, et al., 
Appl. Phys. Lett. 91, 263504 (2007), the disclosure of which 
is incorporated herein by reference.) 
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2 
SUMMARY OF THE INVENTION 


The disclosure is directed to dual-band barrier infrared 
detectors having enhanced quantum efficiency and/or 
reduced spectral crosstalk, and methods of their manufac- 
ture. In particular, the current disclosure demonstrates high- 
performance dual-band barrier infrared detectors using 
novel absorber structures that incorporate both n- and p-type 
materials to construct any suitable dual-band barrier infrared 
detector, including npBPN, nBPN, pBPN, npBN, npBP, 
pBN and nBP structures. 

Many embodiments are directed to a detector structure 
including: 

an electron unipolar barrier having first and second sides; 

a first absorber disposed on the first side of the unipolar 
barrier and comprising at least a first absorber structure 
formed from at least a first absorber material having a 
first bandgap; 

a second absorber disposed on the second side of the 
unipolar barrier and comprising at least a second 
absorber structure formed from at least a second 
absorber material having a second bandgap and being, 
wherein the second bandgap is narrower than the first 
bandgap; 

wherein the valence band edges of the unipolar barrier 
and first and second absorbers are configured to mini- 
mize offset therebetween; 

wherein at least one of the first and second absorbers 
comprises an absorber structure formed from an n-type 
absorber material, and wherein at least one of the first 
and second absorbers comprises an absorber structure 
formed from a p-type absorber material; and 

wherein that thicknesses of each of the absorber structures 
of the first and second absorbers are less than the 
characteristic diffusion length of the absorber material 
from which the respective absorber structure is formed. 

In other embodiments at least one of the first or second 
absorbers is multi-segmented comprising at least two 
absorber structures, wherein one of the absorber structures is 
formed from an n-type absorber material and one of the 
absorber structures is formed from a p-type absorber mate- 
rial. In some such embodiments the detector includes at least 
one graded-gap transition region being disposed between the 
absorber structures of the multi-segmented absorber and 
configured to minimize offset between the band edges of the 
individual segments of the multi-segmented absorber. 

In still other embodiments both the first and second 
absorbers are multi-segmented each comprising at least two 
absorber structures, wherein one of the absorber structures is 
formed from an n-type absorber material and one of the 
absorber structures is formed from a p-type absorber mate- 
rial. In some such embodiments the detector further includes 
at least one graded-gap transition region being disposed 
between the segments of each of the multi-segmented 
absorbers and configured to minimize offset between the 
band edges of the individual segments of each of the 
multi-segmented absorbers. 

In yet other embodiments the unipolar barrier is graded. 

In still yet other embodiments the unipolar barrier is 
ungraded and further comprising at least one graded-gap 
transition region being disposed between the unipolar barrier 
and one of either the first or second absorber, and configured 
to minimize offset between the valence band edges of the 
absorber and the unipolar barrier. 

In still yet other embodiments the detector further 
includes a contact layer disposed distal to each of the 
absorbers; and at least one graded-gap transition region 
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being disposed between at least one of the contact layers and 
one of either the first or second absorber, and configured to 
minimize offset between the band edges of the absorber and 
the contact layer. 
In still yet other embodiments the detector further 
includes at least one graded-gap transition region being 
disposed within the detector structure and configured to 
minimize offset between the valence band edges of one or 
more absorbers to the barrier layer, wherein the graded-gap 
comprises a superlattice formed from a plurality of repeated 
layers of at least two semiconductor materials, each layer 
being defined by a layer thickness such that each superlattice 
has a period defined by the combined thicknesses of the 
plurality of repeated layers, and wherein the energy band 
gap structure of each superlattice including the band gap, 
conduction band edge and the valence band edge depends on 
the composition, thickness and period of the plurality of the 
repeated layers. 
In still yet other embodiments both the first and second 
absorbers each comprise at least one absorber structure 
formed of a p-type absorber material and at least one 
absorber structure formed of an n-type absorber material. 
In still yet other embodiments the first absorber comprises 
at least one absorber structure formed of a p-type absorber 
material and at least one absorber structure formed of an 
n-type absorber material, and wherein the second absorber 
comprises a single absorber structure formed of one of either 
an n-type or a p-type absorber material. 
In still yet other embodiments the second absorber com- 
prises at least one absorber structure formed of a p-type 
absorber material and at least one absorber structure formed 
of an n-type absorber material, and wherein the first absorber 
comprises a single absorber structure formed of one of either 
an n-type or a p-type absorber material. 
In still yet other embodiments the first and second absorb- 
ers are each different and each comprise a single absorber 
structure formed of one of either an n-type or a p-type 
absorber material. 
In still yet other embodiments the n-type absorber struc- 
tures are formed from a graded-gap material. 
In still yet other embodiments the detector further 
includes at least one contact layer disposed on the side of 
each absorber distal to the unipolar barrier, and wherein the 
contact layers are formed of a doped n-type material and 
have a wider band gap material than the band gap of the 
adjacent absorber. In some such embodiments the detector 
further includes graded-gap transition regions between 
either of the absorbers and the adjacent contact layer and 
configured to allow the free flow of electrons therebetween. 
In still yet other embodiments the detector further 
includes a contact layer disposed distal to each of the 
absorbers, and a hole unipolar barrier between either of the 
absorbers and the adjacent contact layer. 
Other embodiments are directed to methods of forming a 
detector structure including: 
providing a first and a second absorber wherein at least 
one of the first and second absorbers comprises an 
absorber structure formed from at least an n-type 
absorber material, and wherein at least one of the first 
and second absorbers comprises an absorber structure 
formed from at least a p-type absorber material; 

interconnecting the absorbers through a unipolar barrier; 

connecting the ends of the first and second absorbers 
distal to the unipolar barrier each to a separate contact 
layer; 


5 


10 


15 


20 


25 


30 


35 


40 


45 


50 


55 


60 


65 


4 


wherein the valence band edges of the unipolar barrier 
and first and second absorbers are configured to mini- 
mize offset therebetween; and 

wherein that thicknesses of each of the absorber structures 

of the first and second absorbers are less than the 
characteristic diffusion length of the absorber material 
from which the respective absorber structure is formed. 

In alternative embodiments the method further includes 
inserting at least one graded gap transition region between at 
least one junction selected from the group consisting of: the 
junction between the unipolar barrier and at least one of the 
absorbers wherein the graded gap transition region is con- 
figured to minimize the offset between the valence band 
edges at the junction, the junction between individual struc- 
tures within a multi-segmented absorber wherein the graded 
gap transition region is configured to minimize the offset 
between the band edges at the junction, and the junction 
between a contact layer and an absorber wherein the graded 
gap transition region is configured to minimize the offset 
between the band edges at the junction. 

In still other embodiments the methods includes inserting 
at least one hole unipolar barrier between at least one contact 
layer and an adjacent absorber. 

Additional embodiments and features are set forth in part 
in the description that follows, and in part will become 
apparent to those skilled in the art upon examination of the 
specification or may be learned by the practice of the 
disclosed subject matter. A further understanding of the 
nature and advantages of the present disclosure may be 
realized by reference to the remaining portions of the 
specification and the drawings, which forms a part of this 
disclosure. 


BRIEF DESCRIPTION OF THE DRAWINGS 


These and other features and advantages of the present 
invention will be better understood by reference to the 
following detailed description when considered in conjunc- 
tion with the accompanying data and figures, wherein: 

FIG. 1 provides a schematic energy band diagram of an 
nBn dual-band infrared detector with a graded-gap electron 
blocking unipolar barrier in accordance with the prior art. 

FIG. 2 provides a schematic energy band diagram of an 
nBn dual-band infrared detector with a constant-gap electron 
blocking unipolar barrier, and a graded-gap transition region 
connecting the barrier and the narrower-gap absorber in 
accordance with the prior art. 

FIG. 3 provides a schematic illustration of the device 
geometry of a simple dual-band infrared detector in accor- 
dance with the prior art. 

FIG. 4 provides a schematic energy band diagram of a 
pBp dual-band infrared detector with a hole blocking uni- 
polar barrier in accordance with the prior art. 

FIG. 5 provides a schematic energy band diagram of a 
back-to-back complementary barrier infrared detector 
(BBCBIRD) with an electron blocking unipolar barrier in 
accordance with the prior art. 

FIG. 6 provides a schematic energy band diagram of a 
dual-band infrared detector with two multi-segmented 
absorber sections in accordance with embodiments of the 
invention. 

FIG. 7a provides a schematic energy band diagram of a 
dual-band infrared detector with a graded-gap electron 
blocking unipolar barrier where the Absorber 1 consists of a 
p-type section and an n-type section in accordance with 
embodiments of the invention. 
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FIG. 76 provides a schematic energy band diagram of a 
dual-band infrared detector with a constant-gap electron 
blocking unipolar barrier, and a graded-gap transition region 
connecting the barrier and the narrower-gap absorber where 
the wider-gap Absorber 1 consists of a p-type section and an 
n-type section, while the narrow-gap Absorber 2 is n-type in 
accordance with embodiments of the invention. 

FIG. 8 provides a schematic energy band diagram of an 
npBPN dual-band infrared detector in accordance with 
embodiments of the current invention. 

FIG. 9 provides a schematic energy band diagram of an 
nBPN dual-band infrared detector in accordance with 
embodiments of the current invention. 

FIG. 10 provides a schematic energy band diagram of a 
pBPN dual-band infrared detector in accordance with 
embodiments of the current invention. 

FIG. 11 provides a schematic energy band diagram of a 
pBPN dual-band infrared detector with a hole unipolar 
barrier transition region in accordance with embodiments of 
the current 

FIG. 12 provides a schematic energy band diagram of an 
npBN dual-band infrared detector in accordance with 
embodiments of the current invention. 

FIG. 13 provides a schematic energy band diagram of an 
npBP dual-band infrared detector in accordance with 
embodiments of the current invention. 

FIG. 14 provides a schematic energy band diagram of a 
pBN dual-band infrared detector in accordance with 
embodiments of the current invention. 

FIG. 15 provides a schematic energy band diagram of an 
nBP dual-band infrared detector in accordance with embodi- 
ments of the current invention. 

FIG. 16 provides a schematic energy band diagram of a 
pBN dual-band infrared detector with a hole unipolar barrier 
transition region in accordance with embodiments of the 
current invention. 

FIG. 17 provides a flow-chart of a process for forming 
dual-band infrared detectors in accordance with embodi- 
ments of the current invention. 


DETAILED DESCRIPTION OF THE 
INVENTION 


The current invention is directed to dual-band barrier 
infrared detectors having structures configured to enhance 
the quantum efficiency and/or to reduce spectral crosstalk 
between spectral bands, and methods of their manufacture. 
In particular, the current invention provides dual-band 
device structures for constructing high-performance barrier 
infrared detectors having reduced crosstalk using novel 
combinations of p-type and n-type absorber regions. In 
various embodiments, the detectors incorporate one 
absorber region that is p-type and one absorber region that 
is n-type. In many embodiments, the novel absorber regions 
are multi-segmented and comprise both p-type and n-type 
absorber sections. In some embodiments the individual 
absorber segments have a thickness below their respective 
diffusion lengths. Utilizing such novel absorber combina- 
tions it is possible to construct any suitable barrier infrared 
detector having enhanced the quantum efficiency and/or 
reduced crosstalk, including, for example, npBPN, nBPN, 
pBPN, npBN, npBP, pBN and nBP structures. 

Dual-band nBn detectors having infrared absorbers (e.g., 
based on InAs/InAsSb type-II superlattices) paired with a 
matching graded band gap (3) unipolar electron barrier that 
smoothly connects the valence band edges of the two 
absorbers, as shown in FIG. 1, are known. (See, e.g., U.S. 
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Pat. No. 8,217,480, the disclosure of which is incorporated 
herein by reference.) An alternative dual-band nBn detector 
design that incorporates a graded-gap region within one or 
both of the absorber layers is illustrated in FIG. 2. (See, e.g., 
US. patent application Ser. No. 14/216,932, the disclosure 
of which is incorporated herein by reference.) Both of these 
designs are based on the nBn architecture, where a barrier 
(“B”) separates two different n-type infrared absorbers (A, 
and A,) with different band gaps E,, for and E,,. The 
barrier layer in such nBn detectors interrupts the flow of 
majority carriers (electrons) between the two n-type absorb- 
ers, in the same way that the ‘P’ layer does in conventional 
nPN detector structures. 

In the case of the structure shown in FIG. 1, the absorbers 
(1 and 2) are separated by graded-gap electron-blocking 
unipolar barrier (3), which substantially matches the valence 
band edges of both of the infrared absorbers at the two 
barrier-absorber interfaces. In the case of the structure 
shown in FIG. 2 valence band edge (E,) matching is 
achieved by introducing a graded-gap transition layer (4) 
that smoothly connects the valence band edges of “Absorber 
2” (5) and the constant-gap electron barrier (6), which is 
valence-band edge matched to “Absorber 1” (7). In both 
cases, the absorber with the larger band gap (“Absorber 1”) 
is arranged to be closer to the light incidence surface. 
“Absorber 1” can absorb photons with energy (hv) greater 
than E,,, while “Absorber 2” can absorbs photons with 
energy greater than E, ,. Ideally, as schematically illustrated 
in the simplified device geometry shown in FIG. 3, Absorber 
1 should absorb nearly all the photons with energy larger 
than E, , in one pass, leaving Absorber 2 to absorb photons 
with energy between E,, and E,, (Recall E,,<E,,). 
Accordingly, within this dual-band detector structure, 
Absorber 1 serves to detect photons with hv>E, , (Band 1), 
while Absorber 2 is designated to detect photons with 
E,,.<hv<E,, (Band 2). As further illustrated in FIG. 3, 
typically there is a reflector at the top of the structure so that 
photons can be reflected back into the detector structure, 
thereby at least doubling the absorption path length in 
Absorber 2. However, a problem arises if Absorber 1 cannot 
absorb all the photons in Band 1 in a single pass. In such 
instances the surviving Band-1 photons can still be absorbed 
by Absorber 2 thus creating a false signal in Absorber 2. This 
“spectral crosstalk” (i.e., Absorber 2 detecting photons in 
Band 1) needs to be minimized to allow the detector to 
distinguish Band 1 and Band 2 photons. 

One solution that has been used to minimize such spectral 
crosstalk is to increase the thickness of Absorber 1 so that it 
absorbs (nearly) all the Band 1 photons in a single pass. 
However, this can be problematic in cases where the absorb- 
ers are made from materials (such as some type-II superla- 
ttices) that have limited hole diffusion length. A general 
concern with using n-doped type-II superlattices as infrared 
absorbers has to do with the unfavorable hole mobility 
characteristics. Semiconductor transport is controlled pri- 
marily by the properties of minority carriers, which are holes 
in the case of n-type material. The hole mobility of a type-II 
superlattice such as InAs/InAsSb is generally highly aniso- 
tropic. Hole mobility is considerably lower in the direction 
perpendicular to the superlattice layer interfaces than in the 
lateral (in-plane) directions. This low hole mobility results in 
short hole diffusion length. In particular, if the n-type 
Absorber 1 thickness required for sufficient single-pass 
absorption is noticeably longer than its hole diffusion length, 
the photo-excited minority carriers (holes) will not be col- 
lected as photocurrent, thereby reducing the Band-1 quan- 
tum efficiency. 
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An alternative approach is to use a dual-band pBp design. 
A pBp detector structure consists of a hole-blocking (but not 
electron-blocking) unipolar barrier (8) sandwiched between 
two p-doped infrared absorbers (9 and 10) with different 
energy band gaps, as illustrated in FIG. 4. Similar to the 
nBn, the ‘B’ layer in the pBp interrupts the flow of majority 
carriers (holes in this case) between the two p-type absorber 
regions. In type-I] superlattices such as InAs/GaSb, electron 
mobility is high and nearly isotropic. The problems associ- 
ated with unfavorable anisotropic hole mobilities and dif- 
fusion lengths in n-type superlattice infrared absorbers are 
greatly reduced in pBp structures where electrons are minor- 
ity carriers. The p-type absorber layers can be made thicker 
for sufficient quantum efficiency. However, the pBp struc- 
ture has its own drawbacks. Unlike the nBn design, which is 
capable of reducing electron surface leakage current, the 
pBp design is susceptible to this mechanism. (See, e.g., G. 
W. Wicks, G. R. Savich, J. R. Pedrazzini, and S. Maimon, 
Proc. of SPIE 7608, 760822 (2010), the disclosure of which 
is incorporated herein by reference.) Consider a reticulated 
detector pixel with exposed sidewalls. A type-II superlattice 
containing InAs layers is likely to develop an accumulation 
of electrons on the sidewall surface (InAs surface Fermi 
level is pinned in the conduction band, independent of 
doping type). This turns the sidewall surface into n-type. 
Since there are no electron barriers in a pBp structure, 
electron surface leakage current can flow un-impeded from 
one electrode to the other. This can result in a sizable dark 
current that reduces detector sensitivity. 

Still another approach that has been attempted is to use a 
back-to-back complementary barrier infrared detector 
(BBCBIRD) design (See U.S. Pat. No. 8,928,029, the dis- 
closure of which is incorporated herein by reference.) as 
illustrated in FIG. 5. In the BBCBIRD design each of the 
two p-type absorbers (11 and 12) are surrounded by a pair of 
(complementary) electron (13) and hole unipolar barriers 
(14 and 15)(the electron barrier is shared by the two absorb- 
ers). As in the pBp, the BBCBIRD uses p-type absorbers to 
achieve high quantum efficiency. As in the HgCdTe p-n-N-P 
structure, the flow of majority carriers is blocked by the 
surrounding barriers. In a delineated pixel with exposed 
sidewall surfaces, the middle electron unipolar barrier serves 
to block electron surface leakage current. In the BBCBIRD 
structure, the top electrical contact is made to the Contact 2 
layer (16)(on the top side), while a deep etch is required for 
the bottom electrical contact to reach the Contact 1 layer 
(17)(the incident light in the figure comes from the bottom 
side). As a result, Contact 1 layer needs to be made sufhi- 
ciently thick to allow etch depth tolerance. This structural 
constraint is in contrast to the nBn or the pBp structures, 
where it is only required to etch past the ‘B’ layer to make 
the bottom electrical contact. 

To address the problems of spectral crosstalk between 
bands and/or the need for enhancing quantum efficiency 
without imposing excessive demands on fabrication and 
growth in such dual-band infrared detectors, many embodi- 
ments of the invention are directed to detectors comprising 
absorbers that incorporate both p-type and n-type structures 
(e.g. either separately across the absorbers or within one or 
more multi-segmented absorber structures). In some such 
embodiments, the absorbers of such detectors may be 
formed of both p-type and n-type absorber sections, which 
differs from conventional dual-band detectors where absorb- 
ers are made from either both n-type or both p-type mate- 
rials. In other such embodiments the thicknesses of each of 
the individual segments of the absorbers of the dual-band 
infrared detectors are configured such that they are below 


40 


45 


60 


65 


8 


the diffusion length of the absorber material. Using such 
absorber structures, infrared detectors with reduced spectral 
crosstalk and/or enhancing quantum efficiency can be con- 
structed, as will be described in greater detail below. 

FIG. 6 provides a schematic of a dual-band detector that 
incorporates both p-type and n-type absorber sections in 
accordance with embodiments. Although many variations of 
the basic design shown in FIG. 6 is possible, as illustrated, 
the generalized structure consists of, in order: a top contact 
layer (20)/an optional transition layer (21)/an Absorber 2 
(22), which may be multi-segmented and formed of: an 
n-type Absorber 2 (22a)/a p-type Absorber 2 (226) /an 
optional transition layer (23)/a unipolar electron barrier 
(24)/an optional transition layer (not shown)/an Absorber 1 
(27), which may be multi-segmented and formed of: a p-type 
Absorber 1 (27a)/n-type Absorber 1 (276)/a transition layer 
(28)/a bottom contact layer (29). Although one specific 
dual-band detector structure is shown in FIG. 6, it will be 
understood that many variations of this generalized structure 
may be used. For example, as discussed above, some of the 
layers in the generalized structure are optional. Accordingly, 
in some embodiments not all of the absorber and transition 
layers are necessary. However, at least one of the absorber 
sections (e.g., either Absorber 1 or Absorber 2) of the 
dual-band detector incorporates a p-type structure (either 
monolithic or multi-segmented) and at least one of the 
absorber sections (e.g., either Absorber 1 or Absorber 2) 
incorporates an n-type structure (again either monolithic or 
multi-segmented). 

Turning to the structures of the various layers of the 
multi-segmented dual-band detectors of embodiments, it 
should be understood that many suitable layers may be 
incorporated into the detectors. For example, in some 
embodiments the n-type absorber layers are formed from a 
graded-gap material to promote minority carrier collection. 
In other embodiments the contact layers may be doped 
n-type and may be formed of a wider band gap material than 
the absorbers. In still other embodiments, the transition 
layers between either of the absorbers and the adjacent 
contact layer are configured such that they do not block the 
flow of minority carriers from the absorber to the contact. In 
embodiments where either Absorber 1 or Absorber 2 con- 
sists of only p-type absorber section, a transition layer 
between the p-type absorber and the contact layer could be 
made from a wider band gap unipolar hole barrier for the 
purpose of dark current suppression. Likewise, in many 
embodiments the transition layer between one or both of the 
absorbers (i.e., the absorber segment adjacent the barrier) 
and the unipolar electron barrier is configured to provide a 
smooth connection between the valence band edges of the 
absorber (i.e., absorber segment) and the electron unipolar 
barrier by minimizing any valence band offsets. 

The structure and formation of grade-gap regions (e.g., 
transitions and/or barrier layers) in accordance with embodi- 
ments may be formed of superlattice structures. A superla- 
ttice structure generally comprises a plurality of layers of 
semiconducting materials disposed on a substrate (not 
shown). In these embodiments, the band gap structure is 
determined by the combination of the lowest conduction 
subband and the highest heavy-hole subband. In particular, 
the superlattice energy bandgap, is determined by the sepa- 
ration of the bands at the zone center, and the band edge 
positions of the bands, which can be varied by varying the 
period of the superlattice. By varying the layer widths 
(period) and compositions within these superlattice struc- 
tures a superlattice that has the desired band gap structure 
and a configuration that is minimally strained in relation to 
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the underlying substrate may be engineered. Accordingly, in 
many embodiments of the graded-gap regions (including 
transition regions) the period of the superlattice structure 
may be configured to grade the transition between the 
unipolar barrier and the absorber. Accordingly, by chirping 
(gradually changing the period) of the superlattice it is 
possible to grade the band gap such that it interconnects the 
band edges of the smaller and larger band gap superlattices. 
The use of these superlattice structures and chirped super- 
lattice structures allows for the facile construction of the 
graded-gap transition regions, because in such embodiments 
it is not necessary to change the composition of the bulk 
materials. In addition, the chirping maybe utilized to pre- 
serve strain-balancing throughout (i.e., the proportional 
stretching scheme preserves the strain balancing). (A full 
discussion of such superlattice structures may be found, for 
example, in U.S. Pat. No. 8,217,480 and U.S. patent appli- 
cation Ser. No. 14/216,932, the disclosures of which are 
incorporated herein by reference.) 

Although a specific example of a dual-band infrared 
detector incorporating multi-segmented absorbers is 
described above, it should be understood that the same 
construction may be used to form other detector structures in 
accordance with other embodiments. 

Exemplary embodiments of two nBn dual-band device 
structures that each incorporate a single multi-segmented 
absorber in accordance with embodiments are illustrated in 
FIGS. 7a and 7b. More specifically, in FIGS. 7a and 7b the 
dual-band structures shown in FIGS. 1 and 2 are modified to 
reduce crosstalk by inserting a layer of a p-type Absorber 1 
material (30a) between the electron barrier (31) and the 
n-type Absorber 1 (305). In each case, the thicknesses of the 
individual absorber segments (30 and 32) are configured to 
be below their respective diffusion lengths such that photo- 
generated carriers can be collected. Although many configu- 
rations may be used, in some embodiments the p-type 
material minority carrier (30a) (electron) diffusion length is 
longer than that for n-type material (305), using such a 
construction it is then possible to increase the total Absorber 
1 (p-type and n-type) thickness substantially to increase the 
combined Absorber 1 (30) single-pass absorption for 
reduced spectral crosstalk. The presence of a p-n junction in 
Absorber 1 (30) has the possibility of introducing a deple- 
tion region at the junction, which is a source of generation- 
recombination (G-R) dark current. However, since these 
dual-band detectors are typically cooled during operation to 
accommodate the narrower-gap Absorber 2 (32), the dark 
current from Absorber 1 (30), even with the added G-R dark 
current from the p-n junction, does not introduce substantial 
noise. 

It will be understood that the novel absorbers described in 
accordance with embodiments may be incorporated into 
dual-band detectors of many different designs. For example, 
as shown in FIGS. 7a and 74, the multi-segmented absorbers 
(30) may be utilized with graded-gap unipolar barrier struc- 
tures (31) such as those described in U.S. Pat. No. 8,217,480 
(cited above), and with detectors that incorporate graded- 
gap transition regions (33) between the absorber (e.g., in this 
case Absorber 2 (32)) and the barrier (31) such as those 
described in U.S. patent App. Ser. No. 14/216,932 (cited 
above). 

Although embodiments of dual-band detectors compris- 
ing a single multi-segmented absorber are shown in FIGS. 
7a and 7b, it will be understood that such multi-segmented 
absorber sections may be used in a wide variety of dual-band 
detectors, as will be described in greater detail below. These 
structures may be divided into four general classes: 


10 


15 


20 


25 


30 


35 


40 


45 


50 


55 


60 


65 


10 

Where both Absorb 1 (40) and Absorber 2 (41) contain 
both p-type (40a and 41a) and n-type sections (405 and 
41b) (e.g., these structures may be designated as 
npBPN, where n, p, N, and P represent absorber sec- 
tions (and where capital letters denote wider band gap 
material), and B represents the electron unipolar barrier 
(42). An example of embodiments of such a structure is 
illustrated in FIG. 8 (it should be noted that the struc- 
ture sequence includes embodiments of contact (43 and 
44) and transition layers (45) and (46), however these 
structures may take different forms or may be modified 
in alternative embodiments). In some embodiments the 
segments of the absorbers (Absorber 1 and Absorber 2) 
may have different band gaps (e.g., 40a and 406 may 
have different bandgaps). In such embodiments a 
graded-transition region may be included between the 
segments to ensure the smooth connection of the 
valence and conductance bands. 

Where Absorber 1 (50) contains both p-type (50a) and 
n-type (505) sections, but Absorber 2 (51) is of only a 
single doping type. The two structure sequences in this 
class of devices are nBPN (as illustrated in FIG. 9), and 
pBPN (as illustrated in FIG. 10). As shown in FIGS. 9 
and 10, the multi-segmented absorbers may be utilized 
with graded (53) or ungraded (54) unipolar barriers, as 
well as with a number of graded-gap transition regions 
(55) positioned disposed as necessary within the dual- 
band detector structure to provide smooth transition 
between absorber and barrier layers and/or contact (56) 
and absorber layers. FIG. 11 illustrates a variation of 
the pBPN structure where the transition layer (57) 
between the p-type Absorber 2 (51) and the top contact 
layer (56) is a hole unipolar barrier. 

Where Absorber 1 (60) is of a single doping type, and 
Absorber 2 (61) contains both n-type (61a) and p-type 
(615) sections. The two structure sequences in accor- 
dance with embodiment of this third class of dual-band 
detectors are npBN (as illustrated in FIG. 12), and 
npBP (as illustrated in FIG. 13). As shown in FIGS. 12 
and 13, the multi-segmented absorbers may be utilized 
with graded or ungraded unipolar barriers (63), as well 
as with a number of graded-gap transition regions (64) 
and (65) positioned disposed as necessary within the 
dual-band detector structure to provide smooth transi- 
tion between absorber and barrier layers and/or contact 
(66) and absorber layers. 

Where each of the Absorber 1 (70) and Absorber 2 (71) is 
of a single doping type, but Absorbers 1 and 2 have the 
opposite doping types. The two structure sequences in 
embodiments of this fourth class of dual-band detectors 
are pBN (as illustrated in FIG. 14), and nBP (as 
illustrated in FIG. 15). As shown in FIGS. 14 and 15, 
the multi-segmented absorbers may be utilized with 
graded (72) or ungraded (73) unipolar barriers, as well 
as with a number of graded-gap transition regions (74) 
positioned disposed as necessary within the dual-band 
detector structure to provide smooth transition between 
absorber and barrier layers and/or contact (75) and 
absorber layers. FIG. 16 illustrates a variation of the 
pBN structure in accordance with embodiments where 
the transition layer (76) between the p-type Absorber 2 
(71) and the top contact layer (75) is a hole unipolar 
barrier, and where the n-type Absorber 1 (77) has a 
graded band gap. 

Methods of Manufacturing Detectors 

Although the above discussion has focused on detector 

devices formed with multi-segmented absorbers, many 
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embodiments are also directed to methodologies of con- 
structing detectors incorporating such structures. 

FIG. 17 provides a flow chart for such methodology, 
which, in many embodiments include at least the following 
processes: 

Providing a first and second absorber where either the 
combined absorbers incorporate both p-type and n-type 
structures (e.g., where the two absorbers contain a 
single different type of structure, or where one or both 
of the absorbers are multi-segmented thus having both 
n and p-type materials); 

Interconnecting the absorbers via a unipolar electron 
barrier (graded or ungraded); 

Connecting the ends of the absorbers distal from the 
barrier to suitable contact layers; 

Inserting graded gap transition regions as necessary 
between the unipolar electron barrier and the absorbers 
to match the valence band edges of the segments of the 
detectors to allow the formation of a variety of dual 
band detectors across a wide-range of wavelengths; 

Inserting graded gap transition regions as necessary 
between the absorbers and the wider band gap contact 
layers to match the band edges of the segments of the 
detectors to allow the formation of a variety of dual 
band detectors across a wide-range of wavelengths; and 

Inserting unipolar hole barrier regions as necessary 
between the absorber and the contact layer to allow the 
formation of a variety of dual band detectors across a 
wide-range of wavelengths. 

Although the above steps provide embodiments of some 
basic processes for forming enhanced quantum efficiency 
and/or reduced spectral crosstalk detectors, it should be 
understood that other steps may be incorporated into the 
process. For example, in some embodiments superlattice 
structures may be used in the absorber, transition or contact 
layers. 

In embodiments, the thicknesses of the individual seg- 
ments of the absorbers of the dual-band infrared detectors 
are configured such that they are below the diffusion length 
of the absorber material. 

With regard to specific growth and doping techniques, it 
will be understood that any suitable methods may be used, 
such as, for example, those described in U.S. Pat. No. 
8,217,480. 

Making use of the existing well-matched absorber and the 
electron barrier, and then using graded gap transition regions 
to smoothly connect the valence band edge of the electron 
barrier block to that of the desired absorbers it is possible to 
construct many different detector architectures, including 
npBPN, nBPN, pBPN, npBN, npBP, pBN and nBP struc- 
tures. 


Exemplary Embodiments 


In this section, several examples of dual-band barrier 
infrared detectors implementations using the multi-seg- 
mented absorbers described earlier are provided. In addition, 
the performance of several embodiments of the detector are 
provided. The person skilled in the art will recognize that 
additional embodiments according to the invention are con- 
templated as being within the scope of the foregoing generic 
disclosure, and no disclaimer is in any way intended by these 
non-limiting examples. 


SUMMARY 


In summary, a highly manufacturable dual-band infrared 
detector incorporating quantum efficiency enhancing and/or 
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spectral crosstalk minimizing structures have been 
described. In particular, detectors formed with multi-seg- 
mented absorber sections are provided. Using these struc- 
tures, examples of high-performance dual-band infrared 
detectors have also been described. In general, the barrier 
infrared detector of the current invention have the following 
characteristics: 

A dual-band structure where the two absorbers incorpo- 
rate different types (n-type and p-type) of absorber 
materials (e.g., where the absorbers are each of a 
single-type of material but are different, or where at 
least one of the absorbers incorporates a multi-seg- 
mented construction incorporating both n-type and 
p-type materials. 

The ability to operate with unipolar barriers (electron 
blocking) having either graded or ungraded structures. 

The ability to operate with graded-gap-transition regions 
that grades from the one or both of the absorbers to the 
unipolar barrier layer across any number of desired 
cut-off wavelengths. 

The absorbers of the current invention can be used in 
combination with any suitable dual-band infrared 
detector structure, including npBPN, nBPN, pBPN, 
npBN, npBP, pBN and nBP. 

In contrast to conventional detectors, the current dual- 
band infrared detectors provide excellent enhancement of 
quantum efficiency and/or reduction in spectral crosstalk 
while remaining easily manufacturable. Specifically, in the 
case of dual-band detector with superlattice absorbers, the 
nBn device architecture suffers from low quantum efliciency 
due to short hole diffusion length, resulting in spectral cross 
talk. Meanwhile, the pBp structure can support high quan- 
tum efficiency by using thicker absorber layers because of 
the much longer electron diffusion length, but suffers from 
surface leakage current. The BBCBIRD structure has high 
quantum efficiency and suppresses surface leakage current, 
but requires deep etch and a thicker bottom contact layer for 
etch depth tolerance (see element (17) in FIG. 5). The pBPN 
structure (see, FIGS. 10, and 11) in accordance with embodi- 
ments of this invention has high quantum efficiency and 
suppresses dark current, but has a smaller etch depth than the 
BBCBIRD and does not require a thick bottom contact layer. 
The pBN structure (see, FIGS. 14 and 16) requires an even 
smaller etch depth than the pBPN, and can be useful if the 
n-type Absorber 1 could provide sufficient quantum effi- 
ciency. 

Moreover, although there is a general desire to avoid p-n 
junctions in infrared detectors to prevent the generation of 
G-R dark current, the presence of the p-n junction in the 
detectors in accordance with embodiments does not need to 
be a source of G-R dark current. In particular, it has been 
found that judicious junction doping profile in unipolar 
barrier heterojunction designs can be used to minimize the 
G-R dark current. (See, e.g., D. Z.-Y. Ting, et al., Appl. Phys. 
Lett. 95, 023508 (2009); D. Z.-Y. Ting, et al., Appl. Phys. 
Lett. 102, 121109 (2013), the disclosures of each of which 
are incorporated herein by reference.) In addition, as 
explained earlier, the dual-band detector may also be cooled 
to accommodate the narrower-gap Absorber 2, such that the 
G-R dark current from the Absorber 1 p-n homojunction is 
not problematic. 

Doctrine of Equivalents 

This description of the invention has been presented for 
the purposes of illustration and description. It is not intended 
to be exhaustive or to limit the invention to the precise form 
described, and many modifications and variations are pos- 
sible in light of the teaching above. The embodiments were 


US 9,799,785 B1 


13 


chosen and described in order to best explain the principles 
of the invention and its practical applications. This descrip- 
tion will enable others skilled in the art to best utilize and 
practice the invention in various embodiments and with 
various modifications as are suited to a particular use. The 
scope of the invention is defined by the following claims. 

What is claimed is: 

1. A detector structure comprising: 

an electron unipolar barrier having first and second sides; 

a first absorber disposed on the first side of the unipolar 
barrier and comprising at least a first absorber structure 
formed from at least a first absorber material having a 
first bandgap; 

a second absorber disposed on the second side of the 
unipolar barrier and comprising at least a second 
absorber structure formed from at least a second 
absorber material having a second bandgap and being, 
wherein the second bandgap is narrower than the first 
bandgap; 

wherein the valence band edges of the unipolar barrier 
and first and second absorbers are configured to mini- 
mize offset therebetween; 

wherein at least one of the first and second absorbers 
comprises an absorber structure formed from an n-type 
absorber material, and wherein at least one of the first 
and second absorbers comprises an absorber structure 
formed from a p-type absorber material; and 

wherein that thicknesses of each of the absorber structures 
of the first and second absorbers are less than the 
characteristic diffusion length of the absorber material 
from which the respective absorber structure is formed. 

2. The detector structure of claim 1, wherein at least one 
of the first or second absorbers is multi-segmented compris- 
ing at least two absorber structures, wherein one of the 
absorber structures is formed from an n-type absorber mate- 
rial and one of the absorber structures is formed from a 
p-type absorber material. 

3. The detector structure of claim 2, further comprising at 
least one graded-gap transition region being disposed 
between the absorber structures of the multi-segmented 
absorber and configured to minimize offset between the 
band edges of the individual segments of the multi-seg- 
mented absorber. 

4. The detector structure of claim 1, wherein both the first 
and second absorbers are multi-segmented each comprising 
at least two absorber structures, wherein one of the absorber 
structures is formed from an n-type absorber material and 
one of the absorber structures is formed from a p-type 
absorber material. 

5. The detector structure of claim 4, further comprising at 
least one graded-gap transition region being disposed 
between the segments of each of the multi-segmented 
absorbers and configured to minimize offset between the 
band edges of the individual segments of each of the 
multi-segmented absorbers. 

6. The detector structure of claim 1, wherein the unipolar 
barrier is graded. 

7. The detector structure of claim 1, wherein the unipolar 
barrier is ungraded and further comprising at least one 
graded-gap transition region being disposed between the 
unipolar barrier and one of either the first or second 
absorber, and configured to minimize offset between the 
valence band edges of the absorber and the unipolar barrier. 
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8. The detector structure of claim 1, further comprising a 
contact layer disposed distal to each of the absorbers; and 
further comprising at least one graded-gap transition 
region being disposed between at least one of the 
contact layers and one of either the first or second 
absorber, and configured to minimize offset between 

the band edges of the absorber and the contact layer. 

9. The detector structure of claim 1, further comprising at 
least one graded-gap transition region being disposed within 
the detector structure and configured to minimize offset 
between the valence band edges of one or more absorbers to 
the barrier layer; 

wherein the graded-gap comprises a superlattice formed 

from a plurality of repeated layers of at least two 
semiconductor materials, each layer being defined by a 
layer thickness such that each superlattice has a period 
defined by the combined thicknesses of the plurality of 
repeated layers; and 

wherein the energy band gap structure of each superlattice 

including the band gap, conduction band edge and the 
valence band edge depends on the composition, thick- 
ness and period of the plurality of the repeated layers. 

10. The detector structure of claim 1, wherein both the 
first and second absorbers each comprise at least one 
absorber structure formed of a p-type absorber material and 
at least one absorber structure formed of an n-type absorber 
material. 

11. The detector structure of claim 1, wherein the first 
absorber comprises at least one absorber structure formed of 
a p-type absorber material and at least one absorber structure 
formed of an n-type absorber material, and wherein the 
second absorber comprises a single absorber structure 
formed of one of either an n-type or a p-type absorber 
material. 

12. The detector structure of claim 1, wherein the second 
absorber comprises at least one absorber structure formed of 
a p-type absorber material and at least one absorber structure 
formed of an n-type absorber material, and wherein the first 
absorber comprises a single absorber structure formed of 
one of either an n-type or a p-type absorber material. 

13. The detector structure of claim 1, wherein the first and 
second absorbers are each different and each comprise a 
single absorber structure formed of one of either an n-type 
or a p-type absorber material. 

14. The detector structure of claim 1, wherein the n-type 
absorber structures are formed from a graded-gap material. 

15. The detector structure of claim 1, further comprising 
at least one contact layer disposed on the side of each 
absorber distal to the unipolar barrier, and wherein the 
contact layers are formed of a doped n-type material and 
have a wider band gap material than the band gap of the 
adjacent absorber. 

16. The detector structure of claim 15, further comprising 
graded-gap transition regions between either of the absorb- 
ers and the adjacent contact layer and configured to allow the 
free flow of electrons therebetween. 

17. The detector structure of claim 1, further comprising 
a contact layer disposed distal to each of the absorbers; and 

further comprising a hole unipolar barrier between either 

of the absorbers and the adjacent contact layer. 


* * * * * 


